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• -OOMPEESSION-I&NITION ENGINE 
By- J.' A, Spanogle and E. G. Whitney 

Summary 



' 'An- investigation has been aade to determine to what 
extent the rates of combustion in a compression- ignition 
engine can he controlled hy varying the rates of fuel in- 
jection. ■ A cam-operated fuel- inj ect ion' puitii> was used with 
a double-stem automat ic- inj ect ion valve, whose concentric 
spring-loaded lapped stems permitted the successive un- 
covering of two Independent ■ sets of orifices at pread- 
justed pressures. Fuel sprays were injected into the vor- 
tical-disk "form of combustion chamber of a single-cylinder 
test engine. Nozzles were used that gave fuel distri- 
bution ' similar to that obtained from a single-stem valve. 
For various injection rates ,' comparison test s were made ' ' 
of engine performance using both single-stem and "dou'Dle- 
stem valves . ■ 

■ .'The tests showed that: (l) the double-.stem valve 
operated satisfactorily under, all normal- inj eot ion con- 
ditions; (2) the rate of injection hag :a definite influ- 
ence on the rate of combustion; (3) the engine performance 
with the double-stem valve was inferior to:that obtained 
with a single-stem valve; (4) the control of injection 
rates permitted by an injection valve of two stages of 
discharge is not. sufficient to effect the desired rates 
of combustion. 



Introduction 



For an engine of given dimensions, known volumetric 
efficiency, rate of heat losses, and known' 'heat value of 



the fuel "burDaed,- instantaiieous values o-f pressure exist- . 
ing in tlie cylinder can "be ooriiputied throughout the work- 
ing cycle for any assumed instantaneous rates of combus- ^> 
tion. The are'a. included within the pres&ure-yolujae dia- 
gram is a measure of the useful worls: bhtained .f rom the 
fuel "burned and consequently indicative .of the' .Qycle effi- 
ciency. For a given total -quantity of fuel burned, the 
area of the diagram can . "be made to vary widely hy assum- 
ing different rates of combustl-on, and one combination of ■ 
rates of combustion exists that will give optimum effi- 
ciency. Tests indicate that in a compression-ignition 
engine, combustion should be initia-beA before injection 
is completed (see reference l); therefore, the rate at 
which fuel is burned should be, -in part at least, a func- 
tion of the rate of fuel injection. Consequently, the 
possibility should exist of controlling combustion with 
the injactibn system 'and checking the effect on the in- 
dicator card. 

Tor any int ernal^combustion engine, maximum efficiency 
would-be obtained by brirning the entire fuel charge at 
constant volume. In a compression-ignition engine of 450 
pounds per sqiiare inch compression pressure, constant vol- 
ume combustion would result in explosion pressures exceed- 
ing 1,200 pounds per square inch, which would necessitate 
heavier engine parts than uised in conventional aircraf.t 
engines or more highly stressed parts for eqtial weights. 
Since the maintenance of engine weight and stresses at 
mi niinum values is of primary importance, a practical lim- 
it of 800 pounds per square inch for. peak pressures was 
established for this investigation. Hates of combustion 
required to produce the optimtim cycle efficiency without 
exceeding this imposed maximum pressure value were com- 
puted and a cam designed and built into a pump to dis- 
place fuel at these theoretical rates which were corrected 
for compressibility of the fuel, injection lag, and ig- 
nition lag. Attempts made to produce the theoret"lcal 
rates of combustion by injecting with this pump and a 
single-stem automatic inj ect ion valve with s ingle- orifice 
or multiorifice nozzles were unsuccessful and seemed to 
indicate th^^^adequacy of one automatic valve with fixed 
orifice ar ea?ToV p,r op er 1 £ )at omi z e and distribute fuel at 
the desired rates without a range" of pressured wider than 
could be accommodated by the injection system. Th« use 
of two valves or one valve employing some means of auto- 
matically' varying' the'^ixs charge- 'ar tea of f e'red attractivo 
possibilities' in' providing' a wider range of injection rates 
with the available pressure range. 
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Double injec-tion iias 136621 -fcTied- by other i;ivest igatora . 
The use of two valves in do'njuhctlon with an auxiliary 
vaporizer or -hot bulb .to obtaiii 'autbmatic ignition -at low 
compression ratios is' described-by-E . K. Butler. (See 
reference 2.). Several investigators in fieraany have oji^. 
Itiated combustion of coal- tar"product s of high ignition 
points "by injecting 5 per cent_ of' Ignition oil i*ito the 
cylinder immediately preceding injection of the coal-tar 
product, (See reference S.) Bird describes" the "Sabathe" 
type injection valve, used with air injection to give 
two successive discharges, in an effort to depart from 
the constant-volume cycle. (Seis reference 4.) None of 
the invest igat io.ns , "however , shows the' eff octiveness of 
double injection in controlling combustion; for this 
reason this investigation was undertaken. 

The development of a suitable injection valve of 
automat ically^variable^dlscharge area and the testing; of 
its effectiveness in controlling combustion in- a compres- 
sion-ignition test engine were -undertaken at -the Langlcy 
Memorial. Aeronautical Laboratory during the t^4?year 
period included from the middle of 1928 to the middle of 
1930. ■ - 



Apparatus and- Tests 



Prelimina r y considerations .- The engine chosen for 
this investigation.. was the J^iversal test engine, using 
the" sr . A. 0 . A. No. '4 vertical-disk form of csombustion 
chamber fully described in reference 5. As therein men- 
tioned, a multiorifice nozale is req.\iired to obtain the 
optimum fuel distribution in this cylinder . head. A sin- 
ilar liiultiorof ice arrangement, in which the orifices are 
successively uncovered to permit discharge, might reason- 
ably be expected to give satisfactory results for a ve.lve 
whose discharge area was automatically varied. Considera- 
tion of the .combustion rates desired and of the mechanical 
aspects .involved led to the desi^^n of .& muJ-tior if ice 
valve opening in two stage's. The increase in injection 
pressure is the actuating force that uncovers the sets of 
orifices. . 

The determination of the 
was made from the theoretical 
This card represents .'the inost 



desired combust ion. rates 
indicator card of Figure!, 
efficient operating cycle 
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for the<,5-;;Jjach ■ iDyT^ assumed con~ 

ditions, <3 oBTstTi'^ToEro f approximately one-fourth, full-load 
charge .is required at constant volume to give-a pressure 
at T.G. of 800 poundg per square inc_ii. CDiitinuat it)n of 
ooia'bustiQn A.TrC. is assumed to "be at sucli a rate as 'to 
maintain' the xaaximum pressure constant until all the ' fuel 
is "buriLed. The desiraTale point for the start of hurnihg 
wao considered to he 16° B.T.C.. (lahelled on Figure 1. "ig- 
nition"), giving a calculated value for the ■ stdrt • Of in- 
jection of. 40° B.T.O. ■■ •■■ 

To. ohtain the rates of comhustion necessary togive 
th.c theoretical indicator card, the injection valve "should 
te ahle ..t 0 accotamodai-te a considerahle increase in discharge 
rate after injecting one-fourth of the full-load fuel 
charge. A constantly increasing discharge area vrould pro-_ 
vide the "best means of taking care of these desired in- 
creasing injection rates. However, mechanical problems 
in construction and operation of such a valve that would 
give suitaTile sptay distribution in the specified com- 
"bustijoji chamber were so great that it v/as decided to de- 
sign a'valve having only two stages of discharge area. 
The first stage would provide for the small primary quan- 
tity of fuel to be burned B.T.O. and the addition of the 
second would provide for the larger discharge and higher 
rates required to maintain the constant pressure. Bach 
discharge area would comprise several orifices of number, 
size, and location to give optimam fuel distribution. 



Development of Double-Stem Valve 



To satisfy all the requirements of such an experi- 
mental valve , twelve different designs were considered, 
each with its peculiar advantages and limitations. 'These 
types included: various combinations of two spring-loaded 
stems arranged coaxially, side by side, or at an angle, 
each stem controlling one part of injection; one double 
spring-loaded, stem where the two successive stages of stem 
lift successively uncovered two sets of orifices; a com- 
bination of one spring-loaded- stem and one diaphragm-loaded 
valve sleeve; a combination of" one spring- loaded stem and 
one sleeve ezterided In tension by oil pressure; and one 
spring-loaded stem _whose lift caused rotation of an ori- 
fice-controlling element. Of all types -mentioned, the 
one employ ing .two concentric s'pTing- loaded lapped stems 
was chosen as best fulfilling all requirements. 
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TiLe- final design is shown in section in Figure 2. 
The main "body carries tkhe, oil inlet passage and the lapped 
stems; the upper part is hored to aoconmiodat© the stem 
springs ,• threaded inside to take an inner spring-adjusting 
nut, and slotted and threaded outside to carry the adjust- 
ing nuts controlling the outer stem, stop as" well as those 
for the outer spring-adjusting collar, and a lock nut for 
the inner spring-adjusting nut. The valve-'body adapter 
clamps the nozzle against the hody and adapts -the valve to 
an IS-niillimet er spark-plug hole. The outer stem is hol- 
low, lapped outside to fit the^ valve body and inside to 
fit the inner stem. Adjustable springs hold the valve 
stems against the nozzle where -the oil seal is made hy a 
flat _lapped seat on either stem. The flat seat was adopted 
to permit the use of small stem "lifts t.o give the required 
oil-flow passage. Adjustable stem stops are provided to 
limit the, motion of the two stems to the desired lift-. 

The nozzle,, detailed as D-1 in I'igure 3, contains an 
inner well from which were drilled seven orifices of the' 
sizes and at the angles which at the time were thought to 
give the best distribution in the N.A.C.A. ITo . 4 cylinder 
head. Admission and cut-off of fuel to the well are con- 
trolled by . the inner stem which forms a circular seat 
0,007 inch wide around the outer rim of the well. This 
seat width was chosen to give a 10,000-pound per square 
inch._static seat stress at 2,000 pounds per square inch 
Valve-opening pressure, this stress having been found de- 
sirable for satisfactory sealing against leakage. Just 
outside the inner stem seat were drilled two l/64-inch 
holes; each one leads to two small orifices through which 
are discharged the small quantities of fuel to be burned 
at constant volume. Admission and cut-off to these ori- 
fices are controlled by the outer stem which seals with a 
flat ring seat 0.008 inch wid,e just outside the l/64-inch 
drilled leads. A locating pin to fit in a slot in one 
side of the nozzle insures that the nozzle is always as- 
sembled with the same angular relation to the valve-body 
adaptor. This facilitates assembly of the valve in the 
cylinder head with the spray in the proper plane. The 
design provides for the interchange of n-ozzles to adapt 
the spray to different shapes of combustion chamber. 

The valve functions as follows: oil enters from the 
side and passes through the drilled hole in the body to 
the annular space surrounding the outer stem just above 
the nozzle. The force created by the pressure acting on 
the exposed surface of the outer stem causes the latter 
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to lift against its spring load and allows the oil access 
to the primary orifices. Sinmltaneousl? the oil pressurd 
acts i^pon. the exposed lifting surface of the inner stem, 
tendine to farce it from its seat. Injection occurs throu&'h 
the primary orifices until the increasing oil pressure 
hecoiaes sufficiently high, to overcome the spring force 
holding, the inner stem on its seat, at which tirae the lat- 
ter lifts and allows the oil to discharge through the addi- 
tional seven orifices. Bj- adjusting the spring forces act- 
ing on the two stems, the proportion of the fu'el injected 
through the primary orifices may he varied. 

The lifts of the stems were calculated to give a flow 
area through the seat restriction of' four times' the nozzle 
orifice-discharge area, to minimize pressure loss due to 
throttling. This ratio fixed "t'he lift for the outer steu 
at 0,0097 inch and for the inner stem at 0.0135 inch. 

Considerations of permissi'ble stem diameters, avail- 
able, li^-draulic lifting areas, desired valve^- opening pres- 
sures, avaj-lahle space for stem seats, mechanical limita- 
tions, in constructing stem seats, static seat stress at 
the designed valve-opening pressure, and spa'cSe limita- • 
tions for accommodation of the springs, determined the 
spring loadings for the two stems. They were 35 pounds 
for the inner spring. at an opening pressure of' 4,000 
pounds per sqtiaiiQ inch and 40 pounds'"for the outer spring 
at an opening pressure of 2,000 pounds per square inch. 
Stresses in the springs were ize-pt sufficiently low to al- 
low satia.f,;actor7/- operation at valve-opening pr&ssures of 
twice title designed valiJ.es. 

The stem loadings determine the rapidity with which 
the stems will close for any rate-of-rpressure drop, i.e., 
the sharpness of 'cut-*6ff. A sharp cut-off without bounc- 
ing of. the stem is required to. prevent dribbling, with its 
attendant late burning of the last entering fuel and re- 
sultant deleterious effect on combustion efficiency. 
Assuming no stem friction and an instantaneous pressure 
drop in the injection line, these designed forces would 
close the stems from their calculat ed .raaxinun lifts in 
less than 1-^ crank-angle degrees at' an engine speed of 
1,500 r.p.n. 
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. lest Procedure. ' 



Tiie completed valve was given a preliminary test by- 
injecting into .the atmosphere; fue.l was supplied by a cam- 
operatei plunger pump having a variable rate of plunger 
displacement, and the spray was observed with an bscillo- ■ 
scope. (See reference 6.) Opening presaures of the two 
stevno were then varied over the adjustable range and the 
functioning observed at various injection rates. 

In order 'to study the sprays issuing successively 
froEi_ the primary, and main ' orifices and the tine interval ■ 
between the first, appearances of the primary and main 
jets, attempts were made to photograph sprays from the' 
fuel valve by means of the U.A.C.A. high-speed photographic 
equipment. (See reference 7.) However, as this apparatus 
supplies oil to the valve at a constant pressure, -no com- 
binations of valve-opening pressures on the primary and 
main stems of the valve would permit sxxff icient' time to 
elapse between successive stem lifts tp give nreasurable 
double injection. The greatest time interval photographed 
between starts of the two stages of injection was less 
than one halfifcthousandth second. 

Che valve was next installed in the vert icai- disk 
form combustion chamber of the single-cylinder test en- 
gine for a preliminary test under engine power. Nozzle 
No. p-1 (fig. 3) was used. This nossle was designed to 
have the same total discharge area as had the' best perform- 
ing nos'/ile of previous esperinents with single-stem in- 
jection valves, but the size and angles of the individual 
orifices were not identical. So this resultant difference 
in fuel distribution within the combiistion chamber the 
inferior performance of the engine with the double-stem 
valve was at first attributed. Two additional nozzles 
were consequently tested, so constructed as to give distri- 
bution similar to that from tiro of the best performing 
single-sten valve nozzles. These additional nozzles are 
shown in I'igures. 3 and 4. The D-2 nozzle of ligure 3 
has the same size and number of orifices as the So. 9 
nozzle described in reference 5, as .well as identical an- 
gular relation between the sprays. The only difference is 
that the two outer or 0.008- inch orifices do not emanate 
from, the ce.ntral well but are directly supplied by indi- 
vidual welXs leading. to the space between the inner and 
outer valve-stem! seats, so that they act as distributors 
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of the primary fuel. This arrangement directs the pri- 
mary sprays so that their coml^ustion should heat the rel- 
atively cool outer part of the comhnstion chamher prior 
to the combustion of. the main sprays. 

■ ' ' The third nozzle, D-S, constructed for use with the 
dduTSle-'st em valve and illustrated in Tiffure 4, is simil6.r 
t o- th'e^ siiigle- s t em valve nozzle designated E-8 in refer- 
ence 8. t't has. two 0.005-inch orifices for primaries 
whiclr ifijec't verticallj'' into the comhustion chamber, 
whereas E-B has two 0.007- inch orifices placed &t an angle 
of 10° to the vertical - the size and arrangement of the 
six reraaininfi orifices are identical. The reason for 
substituting the ■ 0 .005- inch orifices in D- 3 for the 0.007- 
incli or if ic 6s •■ of E^S was to maintain more similar distri- 
bution of fuel. The proper size was . det ermined by a con- 
sideration of the lower initial infection pressures of 
the 'double-stem valve and the longer duration Qf injection 
thrbugh the first-opened orifices.'' Calculations showed 
that thd 0.005-inch orifices should jpermit the passage 
of a fuel quantity approximately equal to that tlirough 
the 0,007- inch orifices of S-8. The arrangement of the 
primary orifices of this nozzle is such as to direct the 
sprays into the combustion chamber across' the heads of 
the inlet and exhaust valves so that their combustion 
would create a superheated region into which the main jets 
must discharge. 

. Fuel was supplied to the valve by a cam-operated 
plunger pump. Two pump cams were used to explore a wide 
range of injection rates; their comparative rates of dis- 
placements are shown by the curves of Pigure 5. the curve 
of jJo . 1 can shows only the portion of the available dis- 
placement that was used in the tests; the curve extended 
would be a straight line indicating zero plunger displace- 
ment at zero crank degrees. The pump permitted control 
of the start and termination of pressure build-up in the 
plunger cylinder through the adjustment of the time of. 
closinr; and opening of a poppet- type by-pass valve.. 3y . 
a change in the setting of the. by-pass controls . it was 
possible to investigate any displacement rate prqvide.1 by 
the cau-plunger curve. In this invest igat ion , t est s wore 
made with the start of fuel compression in the pump oc- 
curring at 225, 270, 285; 300, 360' arid 400. These values, 
hereinafter called start settings, refer to. the .cr5,nk 
degrees indicated on the curve, and are reference numbers 
only; they should not' be taken to. mean the corresponding . 
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point- in the combust ion . cycle , as the angular relation 
hetw6eri"'the pump cam and th6 ■ crankshaft is vayiahle for 
earlier 'JOr'later injectiDn as desired. ■•- 

By the use of these nozzles '^nd pump- displacement 

rates described, the effectiveness, of the two-stem valve 
in improving engine- performance -.and.. controlling the shape 
of the indicator card was investigated. Engine-operating 
temperatures of oil, water, •an.d.-.-air. .lyere maintained • con- 
stant at the standard t est; values and .the engine speed 
was held at 1- , 500 .r ..pr.^s / -.'With- the pump-start ' control, set., 
to give the . inj ect ioii rates desired, the fuel quantity was 
ad^iusted to. the maximum amount that would allow smokelossv 
exhaust, with ,iust a trace.' of flame, and the .inj ectlon 
timing was advanced far - enough to cause a lig'ht iignpcZc. 
Povfer and economy data were . recorded. Values of indicated 
mean - effective pressure were calculated .:fron . these .data , 
assuming that the indicated mean • ef f.ect:lv.e pressTire eq^ualle 
the sum of the brake and friction mean effective pressures. 

She pressure-time card ±.6T the cycle. was simultan- 
eously taken with the Parnhoro indicator, using the altered 
pressure eloaent. (See reference 9.) The "drum carrying 
the card was driven from the- engine dynamometer shaft and 
the dlsL- valve installed in the upper side hole of the cyl- 
inder head. Por- each condition of engine performance re- 
corded, s.everal time-pressure, cards wera .taken to check 
their reproducibility. . A sample card is shown in Figure 
6; from this record the P-T card for the douTiie-stem valve 
perf orma;ii.c.e was. taken shown. in figure 9.-. 

This procedure was followed for each of the double- . 
stem valve nozzles 'and over- -.thB complete range of- tn^ec- 
tion rates available.. The individual tes.ts were then 
repeated with the s ingl.e- stela .valve ,,■ using the- nozzles 
compara.ble from a distribution- standpoint ahd ma.intaining 
the same standards of combustion ■conditions as' evidenced 
by the exhaust and by the engine, knock. Cards taken for ■■ 
all conditions were then transferred to the. P-T basis for. 
comparison with the theoretical- card and with each, other'.. 
A comparative maximum power test, f.'oi- the single-stem valve' 
and the- double-stem valve was included, together with a .- 
test of- the single-st.em valve to .shQw the effect .ori the 
P-"V card- of advancing the injection .beyond the point of 
chosen standard engine knock. .-■ • - 

-• 'With ther valves injecting int.o th-e atmo.sphere and 
the pump settings and timing reproduced, oscilloscope 
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dgt ermi-nat tons of the ;t ime ■■of . start and cut-off. of injec- 
tion were made for each condition of test. The oscilloscope 
driven directly from the engine camshaft, permitted a di- 
rect determination of the gtar.t and stop of injection with 
respect to .the piston posi.tion. ■ - 

To determine .the actxial rates at which fuel was "be- 
ing introduced . into the cylinder for each of the tested 
conditixins, pump settings and timings were again repro- 
duced and the fuel inje.cted through the respective valves 
and nozales into air 9,t atmospheric pressure and tempera- 
ture lay a revolving cup whosB. timing in the cycle could "be 
Varied. This apparatus, deiscrihed in reference 10, en- 
ables the determination of the increment of fuel injected 
for each crank degree over^the entire-injection period. 
Instantaneous inj ection rates in fuel per cycle per .crank 
degree were calcu];-£!,t;ed from the data so obtained attd were 
plot t ed .,againS;t crank degrees'. ■ 



Hesults and Discussion 

The preliminary tests .showed the" douhle- stem valve 
to 'operate quite satisfactorily with the cam-operated 
plunger pump. The stems functioned without limtual inter- 
ference and the flat seats gave a good cut-off frithno 
leakage -or dri"bole. There was, however, a greater tend- . 
ency for the primary orifices to clog than evidenced "oy ' 
previous experience with holes of the same dlamet.er ra- 
diating from a larger though shallow"er B-u,pply well. Care- 
ful cleaning of the fuel o'bviated this difficulty. 

For a giv.en setting of spring tensions, on the two 
stems, the interval "between starts of primary and main 
injections was dependent upon the ra,te of pump-plunger 
displacement. ^ The slower the rat e- of-pr essure' r is e , the 
longer the time interval "between the opening of the pri- 
mary and of the main stems, and hence the greater the 
proportion of total fuel injeTited through the primary 
orifices. As the. rate of pump displacement was increased, 
the lag .:."betw:een the lifting, of the two stems decreased 
until, at a rate of pump -plunger displacement of "between 
10.0 and 10.5 cu"bic inches per second, the two valve 
stems lifted simultaneously, though .set at a 2,00d-pound 
per square inc"h difference in opening pressure'. The 
closing of the two steins wa'S always simultaneous, ir- 
respective of y^lve- opening pressures or displacement rates. 



. ' iDJae :i.nt8.r.v&.-r Ve.tw&eii Bubcessi've" 's't'-eni iif t"s. 6ouicL "^'e;. 
varied- ■b^-.cli.aJiging'-tiie' dif-f erenc-e" In- tens ions Tpeitwe'en. 'tlae 
two springs Tlxis.-. -CD n.t.rol ■' was " Eibs't-' effective $,t' low'r^iteB 
of pump , displac-emen.t'' and' was negli^'l'ble'athigli rates. In 
all cases this, range of ■bontrOl w&-s' narrow, as primary ,. 
stem-opening pyessutes Iselow- iVSOO-'pounde-'pef square 'in ci. 
gave undesirably poor atomizat ion and distrilDution , ' and 
main stem-opening pressures atove 5,000 pound| per , square 
inch resulted rin .the dev6lopmerit"df ' irije'c'tion pressures 
that .produced undes-ira-hly high sWesses in' .the' valv.e .and 
injection, system. • • -. • • .■'.''■ 

Wheji tested "in .the s ingle- cylinder test engine, the ■ 
valve operated -normally. Ehgiae; perfbrniance, however, was 
inf.ari.or. to that obtained -with the' single-stem; valve. For. 
the same injected maximum-power fuel ' quantity, the i.m.e.p 
obtained was ,' 11 . 5 .'per cent - lower with the double-stem .. .. . 
v^lve; furthermore,- .combustlod'was" poorer, ■ evidenced by 
blaclc smoke and dull red flame. The maximum_i..m. e .p . 
obtained -with • the ' double-' s term- valve 'wsl's 114 pounds., .per ■ 
square inch, --contrAsted-iHo. an 'i/m.'.e.p. of 129 pqunds "per . • 
square -inch ..for .a- -slniilar" &i'ngle-st'em' valve .no ?2;ie The 
inferior perf^ormance :'of. the- "engine with the .'double- at en • 
valve • and the in,effici'ent- combust io'n as indicated' by. the 
smoky, and red .exhaust', .were p-l-bbably due to improper fuel- 
dist'ributi.on •• 



. . .When used with the .highSst' pump'-- displacement r.atesT^ 
the ' double-' stem valve, acted as a'slngle- stem ;val -vie , dis- 
charge occurring from all • orifices , simultane'ously ,.' irre-»- 
speoti.v.^^of the fact that the op'ening pressures of the 
two sterna were, adjusted -to > a dif f eirerice " of 2,000 pounds 
per squar.e inch. Jlngine performance under the ic'hosen 
standard of fu-el .quantity and -knock', however, was still 11 
per .cent lower with the double-stem valve, due, perhaps, 
to the additional supply wells in' the nozzle affecting 
the pressure, causing the discharge -of the individual ori- 
fices. L—i^ ^ 



The coiapayative indicator., cards of engine performance 
with the single and double-stem valves at 400 start set- 
ting are showjj plotted on., the; P-rV basis in figure 7. The 
single-Stem valve' used E-8 .nozzle and- the idoubie- stem 
valve used its ana-'logueT'D-S nozzle . As both stems" df 
the double-stem -valve ..lifted simultaneous-ly ■•at tliese ' in- 
jection rates ,'. 'the 're suitant ■c.ards .are- quite silni-rar;"" 
the higher pressures of "the double-stem valve ■.'card being 
caused by a 2° earlier injection. In both cases, pres- 
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sure rise due to com'bustioii is delayed until the ;piston 
has passed iiCi and' started ■ down -oajthe expansion stroke, 
a condition found' typical " of 'the-indicator cards taken 
with the single-stem valve . - If the fuel were injected 
eairlifer, the • engine would knock hadly and the "pre e sure s 
would rise to uridesirahle values. This effect will "be 
discussed. later . 

■' The corresponding instantaneous • inj ection rates for 
the single and double-stem valve performances of Pigure 7 
are- shown in Figure 8.- The ■ rates are somewhat greater 
for the double-stem valve, which partially accounts for 
the difference in the indicator cards.- This dissimilarity 
in -rates" of injection is most likely a "consequence of the. 
diff.erence between the injection pressure and discharge 
characteristics, of the tyto nozzles considered, because 
the. same pump iand displacement rates were employed and 
similar orifices were used -in the two nozzles. 

It- was- hoped, by the use ■of the double- stem valve, 
to i'nitiate . combust ton earlier ■ by- the ignition of a small 
wel.l-?atomized fuel quantity that would apply explosion 
pressures ■ gradually early in the stroke, and allow the re- 
mainder of the fuel to be burned 6f f iciehtly within the, 
time ■ available ■ with " the more rapid cbihbustion permissible 
later in ' the stroke. That this obj'6ct could be accom- 
plished to some extent is demonstrated by the cards of 
Figure 9. These show respective performances of the single 
and double-stem valves using a 360 start setting. ^Tith 
the single-stem valve it~is seen that the pressure drops 
on the power stroke to 50 pounds per square inch below 
th.e compression pressure before it is allowable for com- 
bustion pressures to be built up. Earlier initiation of 
combustion, would'result in -excessive kno-ck. With the 
double-stem valve, however, the injection of a small pri- 
mary charge 8° earlier, and addition of the main spray 
some 11° after this, enables the presstire to be maintained 
above the compression-pressure value and resiilts in the' 
card shown. However, the control of combustion is in- 
sufficient to permit of the pressure being built up to 
the T.C. value of the theoretical card w'ithout the pres- 
sures immediately A. T.C. reaching excessive values and 
the accompanying eng>lne kno.ck becoming prohibitive. En- 
gine output in this .case 1 ike.wise. favor s the single-stem 
valve, which shows an i.m.e.p. .of! 109 pounds, p^er. square 
inch contrasted tjo 91 pounds per 'square inch for the 
double'-'steim valV9". 
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The curve's of figure -ID show the effect of the douhle 
stem -^ralve in changing' the injection rates at 360 start 
setting. The decrease in .rate from 12° to 10° B.T.C. for 
the douhle-stem valve curve may he caused by bouncing of 
the outer stem bef^ore the opening of the inner stem. It 
will be noted that the ' maziiauEi rate obtained with the 
double-stem valve .is g-reat er than that obtained with the 
single- stem valve. 

Jigv-rels 11 and 12 show, pressures, developed at a low- 
er rate of injection - 300 start setting. Figure 11 pre- 
sents three, cards taken with the same single-stem valve 
and nozzle with successively earlier timing of injection 
with orespect to the piston position. Engine performance 
of the . tltr-ee tests was- characterized by no change in bralce 
power output, biijt with increasing ]rnock. of so heavy an in- 
tensity at the earliest injection condition that it was 
thought inadvisable to advance injection further. That 
the. heavy knoclE was accompanied by a maxinram pressure of 
but . $20 pounds per .S(iuar6 inch demonstrates the inability 
of the recording' instrument to follow the extremely rapid 
shock pressures. (See reference 13..) The true shape 
of the .card is, therefore, not recorded, which probably 
e-xplainsi. .thjs 'sHiccessive 5 .per cent decreases in card area 
as the" injection is advanced. The upper and middle cards 
retain the characteristic of expansion along the compres-. 
sion line before- combustion starts. The lower card, how- 
ever, shows comliuBtlon. • j.nitiat ed in time 'to build up 
pressure from T.C. (although at first but slightly faster 
than. the. adiabatic expansion of the compressed gas) with 
a result'ing heavy knock and higher maximum ''cylinder pres- 
sure. Ricardo , • Whatmough, and Janeway emphasize the 
necessity of control of rate-of-pressure rise in a spark- 
ignition e^nglne to eliminate knock, and rough running* 
(See reference 11.) In a sparlc- ignition engine, then^ate- 
of-pre.ssure build-up is limited to the rate-ofr flame 
spread, land .pressure rises of the order of 55 to 5C pounds 
per sq.uare inch per degree are considered. In a com- 
.pressioh-ignition engine, rates- of-pressure rise several 
times those of the spark- ignition engine. may be exper- 
ienced. Whether the knock is due to rat es-of-pres sure 
rdse or accelerations in rate-of-pressure rise can not 
be determined from the indicator cards. The fact remains, 
that,., with high injection rates, a destructive knock can 
be completely ellmi-nated by, r'etarding injection until a) 
latet time in the cycle, in which -event neither the rate- 
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of-pressure rise nor- the acceleration of the rate-of- 
pressure rise could, be so high as with an earlier timing. 
The effect on performance, however, is to reduce the- 
power ovitput and cause late "burning, as is . evid'encod by 
the flame 'and smoke in the exhaust. 

The effect of using the double-stem injection valve 
with the medium rates of ptunp displacement is shown in 
Figure' 12. In this case the injection of a small primary- 
charge starting 13° earlier than the main spray buiifds up 
the pressure to 500 pounds per square inch at T.G, but 
allows it to drop below the compression-pressure value be-' 
fore combustion of the main charge..'. ^Ohis 6ondition indi- 
cate'sj-sin insufficient f lexibil ity . of the injection sys- 
tem a-t ..these '.pumping ..rates . The primary discharge is too 
small to maintain the pressure A.T.C. a:nd"'the main charge 
is so -large as to require undesirably iate injection to ■ 
prevent- tooi rapid initial pressure rise. Combustion in 
this case, however, allows an increase of 35 per cent in 
fuel charge over that allowable with the single-s'tem 
va,lve .without smoking in the exhaust. The comparatively 
low initial rates of injection of the double-stem valve' 
at this pump setting are shown in Figure 13.- 

• Figure 14 -shows cards at 225 start setting with 

single and double-stem valves. These cards are comparable 
only on a basis of pump .displacement rates , since the 
fuel quantities were not eqii.al, antL ^or the double-stem 
valve card the injection -was sO'far advanced $s to pro- 
duce bad. knocking and rough running. .The value -pf- thes e 
cards lies in demonstrating the general- form of c$,rd at. 
low injection rates and the effect of low injection rates 
on the time of successive starts of primary and main fuel 
sprays. 

The- comparative effectiveness of th6 double- stem valvo 
for the assumed' operating condition and- maximum power set- 
tintJG is demonstrated by Figure 15. Both cards show the 
same injection rates (3S0 start position). The maximum- 
power performance, however, has -the inj'ection start ad- 
vanced 3° over those of the lower load and injection con- 
tinues "10° longer to inject full-load fuel. The greatest 
difference in the cards lies in the higher pressures at 
all p.oints along the expansion curve ...of the maximum-power 
car.d,' indicating contimied burning of a larger portion 
of the fuel d-'.iring expansion. This in turn may be attrib- 
uted to lack of efficiency in securing thorough mixture 
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of air anii fuel , resulting in. sI'ot? cheiaipal union with the 
last air to be reached. . Although the maxiauja p6wer card. ■ 
shears- an, increase of 2-3 pounds per square inch i.m.e.p. 
oVer t.h'« condition of Less fuel" injected',' the gain in 
power is acoo-apanied "by a drop in thermal efficiency •froni 
33.6 .per cent to. 21*5 per cent.. ■ • ' 

Thes inject ion-rfite curves, shown in Fissure 15, are 
quite si-Eli lar with the exception that the curve for ful-l ' 
loads extends over a longer injection period.'' Other 
differences in the curves 'may he attributed- to "the use .■ 
of different nozzles in the injection valve for the two- .• 
tes.ts, npes-le. No. D-3 having "been used for the part- 
load -ri^n and ITo. D-2 having 'beejj. used' for the full-loei.d ■" 
ru3. ' ■ " ■ " ■ • 

A ■comparison of .the maximum-power cycles, using 
single and. douhleijf stem injection valves, may -he obtained' 
from the -cards' in. Eigur.e .17. , Identical pump displacer 
ment rates -and similar noz z.les* were used in. the 'two ■' " 
cases although the longer tirte of injection through the ' ' 
0,008-inch orifices with the double-stem valve resulted" 
in different fuel distribution. The characteristic nec- 
essary lateness of ignition is evident on the single-stem 
injection valve record, with a slight expansion loss be- 
fore t3ie ignition point. The e35)ansion curve after the 
pea?:-e3cplo3ion. pressure has been reached, however, in- 
dicates less late burning -than with the doubl e- stem valve , - 
The higher efficiency of burning with the single-stem 
valve |,s shown in the powe^ output. The single-: at en 
valve §ives an i.m.e.p.. of 129 pounds 'pet' square inch, 
whereas the double-rstem valve gives a niaiimum of 114 
pounds per square inch. The inj ect ioiipjrate curves for 
the two valves are shown in Figure 18 for compaj^ison. 
The characteristic at the start of Injection and the i 

longer injection period required' by the double- stem' vail ve 
are clearly shown. ' ■ 

Tlie effect of rate-of-pump displacement on the shape 
of the .indicator card . may be seen by a comparison of cards 
of Figure 19. These cards show cylinder pressures with 
the double-stem valve at pump- start settinf^s of 235, 270, 
300, 350 and 40.0 . The three lower cards have a 1,000- 
pound per square inch difference in stem-opening pressures, 
but for the two higher rat es- of-pump displacement shotrn, 
it was necessary for the difference to be increased to 
2,000 pounds per square inch. Even then, the higher rates 
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of iiXjection when using the 400 start setting resulted in 
'sim^il'baneous ■ opetiing of the primary and. ma.ln:-'sfejn-s .-. " 

A consideration of all' the cards shown;- rev 'eals a. 
strikingly constant period of delay ^between; ^the- point- of 
first Introduction of the.-, fuel and start-.of-pxessure- -rise 
due to combust ion. The average time interval for this, 
ignition lag for eight cards from which it may he read is 
29 . 5 i'l . 5° , or 0.00327 second, 5.5° longer • th%n' thejlag 
assumed in computing the theoretical indicator ' card. An 
exception to this experimental average is found in the 
card of Figure 14 for the douhle-stem valve. Birdis ex- 
periments showed that for the injection of fuel intt) air 
of constant density and temperature, the ignition. lag is 
much greater for high air-fuel ratios than for richer 
mixtures (see reference 13), which may partially explain' 
the greater lag found at the low- inject ion rate under en-- 
gine power conditions. The earlier-start of inj ection 
which places the fuel _,ln contact with the. air during the 
early part of -the compression stroke when the air temper- 
ature is comparatively low, doubtless affects the time 
required to heat the fuel to the ignition temperature. 



Conclusions 



••From this investigation the following conclusions 
.may b.© drawn: ■ . ■ 

1. Satisfactory mechanical operation may be obtained 

from an automatic- inj ection valve employing two concentric 
individually spring-loaded' lapped stems. 

.3. Flat stem seats are quite satisfactory in pro- 
venting dribble and enable the use of smaller lifts than 
the conical seat. Wear due to erosion, however, is great- 
er than with a conical seat. 

5. With the injection system used in this investiga- 
tion and with a 2,000-pound per square inch difference 
between op ening . pressur es of the two sets of orifices, 
two stages of inj'ect.ion may be obtained when the fuel is 
displaced by the pump at a rate not in excess. of 10.3 
cubic inches per- second-. At - faster - rates of displacomcnt 
both stems lift simultaneously- .• ■ ■ . 
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4, The use of the cLo.u"ble-stem valve in an engine 
under power permitted control of the shape of the indica- 
tor card within limits. Engine performance suffered, 
however, due to the latd "burning and poorer distrihution 
incurred through this process. - 

5. When ignition is initiated l aefore completion of 
injection," the rate-of-pressure rise 'in the. engine cyl- . 
inder is aff.ect.ed hy the rat e- of- file 1 injection; hence, 
the rate of injection has a definite influence on the 
rate of comlDus t ion . 

• ■* " « 

.6. The control of injection- rates permitted by this 
double-stem injection valve is' not sufficient to effect 
the desired rates of combustion under th-e conditions of 
these tests. 



Langley liemorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. * Octo.ber 5, 1931.- 
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Pig. 8 Fuel injection rate curves for cards of Fig. 7 
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